Abstract Tourmalinization associated with peraluminous granitic intrusions in metapelitic host-rocks has been widely recorded in the Iberian Peninsula, given the importance of tourmaline as a tracer of granite magma evolution and potential indicator of Sn-W mineralizations. In the Penamacor-Monsanto granite pluton (Central Eastern Portugal, Central Iberian Zone), tourmaline occurs: (1) as accessory phase in two-mica granitic rocks, muscovitegranites and aplites, (2) in quartz (±mica)-tourmaline rocks (tourmalinites) in several exocontact locations, and (3) as a rare detrital phase in contact zone hornfels and metapelitic host-rocks. Electron microprobe and stable isotope ( 
O values (13.1-13.3 %), though wider-ranging dD (-58.5 to -36.5 %) and d 11 B (-10.2 to -8.8 %) values; and (c) detrital tourmaline in contact rocks and regional host metasediments is mainly dravite [Mg/(Mg ? Fe) = 0.35-0.78] and oxydravite [Mg/(Mg ? Fe) = 0.51-0.58], respectively. Boron contents of the granitic rocks are low (\650 ppm) compared to the minimum B contents normally required for tourmaline saturation in granitic melts, implying loss of B and other volatiles to the surrounding host-rocks during the late-magmatic stages. This process was responsible for tourmalinization at the exocontact of the Penamacor-Monsanto pluton, either as direct tourmaline precipitation in cavities and fractures crossing the pluton margin (vein/breccia tourmalinites), or as replacement of mafic minerals (chlorite or biotite) in the hostCommunicated by G. Moore.
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Introduction
Tourmaline is commonly found in granitic settings, both as an accessory mineral of the granite itself, and/or in metasomatic quartz-tourmaline rocks surrounding some plutons. When this distribution is coupled with tourmaline stability over a large range of pressures and temperatures, its low rates of volume diffusion and ability to accommodate a wide variety of major and trace elements, studies of the composition and isotopic signatures of tourmaline can yield valuable information concerning the origin of this mineral and its host-rocks (e.g. Werding and Schreyer 1996; Anovitz and Hemingway 1996; Leeman and Sisson 1996; London et al. 1996; Henry and Dutrow 1996; Dutrow and Henry 2011) . Previous studies in the Iberian Peninsula (e.g. Bea et al. 1992; Ramírez and Grundvig 2000; Pesquera et al. 2005 Pesquera et al. , 2013 Neiva et al. 2007 Neiva et al. , 2009 ) have confirmed the importance of tourmaline in the characterization of Variscan granitic magmas and as a potential indicator of Sn-W mineralizations.
The Penamacor-Monsanto granite pluton, Central Eastern Portugal (Fig. 1) , contains tourmaline as an accessory phase, and the metamorphic aureole of this pluton includes a variety of tourmaline-rich rocks that are indicative of extensive late-magmatic B-metasomatism of the country rocks (cf. London et al. 1996; Dutrow et al. 1999 ). In addition, occasional detrital tourmaline grains also occur in hornfels and spotted-phyllites of the contact zone and in the surrounding country rocks. A chemical and isotopic study of these tourmalines was undertaken to determine the conditions under which tourmaline formed in these various occurrences.
Integrating crystal-chemical and isotopic (d 18 O, dD, d
11 B) data for tourmalines within this granitic pluton and its immediate environment has enabled magmatic, metamorphic and hydrothermal signatures to be distinguished, Fig. 1 Simplified geological map of the PenamacorMonsanto pluton sector, taken from the 1/500 000 geological map of Portugal (inset) by Oliveira et al. (1992) . Sample locations are marked along the contact zone of the pluton and identified by symbols representing the main lithotypes: granitic rocks, tourmalinites, and regional and thermal metasedimentary rocks (see inset)
thus complementing previous studies of granite-related tourmalines in the Portuguese (e.g. Neiva 1974; Leal Gomes et al. 1997; Neiva et al. 2007 Neiva et al. , 2009 and Spanish (e.g. Ramírez and Grundvig 2000; Pesquera et al. 2005 Pesquera et al. , 2013 sectors of the Variscan orogen.
Geotectonic and metamorphic setting
The Penamacor-Monsanto granite forms a small, NW-SE elongated pluton intrusive into the ante-Ordovician SchistGreywacke Complex (SGC). The SGC consists of a thick and extensive flysch-type detrital sequence (mainly phyllites and metagreywackes; Sousa 1985; Ribeiro et al. 1990) , within the southern domain of the Central Iberian Zone, CIZ (Fig. 1 ). This zone corresponds to the axial domain of the Variscan orogenic belt (e.g. Ribeiro et al. 1990 ) and shows evidence of the three main Hercynian deformation and metamorphic events, D1-D3 (Conde et al. 2000; Á balos et al. 2002) .
The SGC metasediments, derived from Cadomian igneous rocks, are thought to be the source of the abundant Variscan granite magmatism in the CIZ (Bea et al. 2003 ). This magmatism is mainly late-to post-kinematic relative to the main Hercynian deformation events (D1 and D2) and often occurs at the cores of D3 antiforms (e.g. Bea et al. 1987; Ferreira et al. 1987; Ribeiro et al. 1990; Ramírez and Grundvig 2000; Azevedo et al. 2005; Antunes et al. 2009; Neiva et al. 2009 ). These highly peraluminous granitic rocks constitute three distinct suites: (a) the granodiorite suite, which comprises early syntectonic granitoids, accompanying syn-D2 granites; (b) the monzogranite suite, consisting mainly of allochthonous plutons emplaced in an epizonal domain; and (c) the leucogranite suite, in the central part of the CIZ, which includes early autochthonous and early to late allochthonous granitoids related to D2 (Corretgé et al. 1985; Bea et al. 1987; Ugidos 1990; Castro et al. 2002) . Both the monzogranite and granodiorite suites include abundant tourmaline-bearing granitic rocks.
The Penamacor-Monsanto intrusion is one of the many zoned allochthonous plutons belonging to the monzogranite suite, widespread in the southern sector of the CIZ (Castro et al. 2002) . Although no absolute ages are available for the Penamacor-Monsanto granitic rocks, this intrusion is considered to be late-to post-tectonic (e.g. Ferreira et al. 1987) , this being consistent with the orientation of Variscan deformation in this area, particularly the regional fracture pattern that controls the location of this and many other intrusions in the CIZ (e.g. Gama Pereira 1976; Ramírez and Grundvig 2000; Castro et al. 2002) , and with the fact that the pluton presents no obvious evidence of tectonic deformation.
The zoned Penamacor-Monsanto pluton consists mainly of a coarse-to-medium-grained biotite-muscovite border zone surrounding a coarse-grained muscovite-biotite core (Neiva and Campos 1992, 1993) , though other granitic facies may occur locally.
The plutons in the monzogranite suite, emplaced in the SGC metasedimentary rocks during the Variscan orogeny, have produced low-pressure, medium-to-high-temperature metamorphic aureoles that overprint the polyphasic lowgrade (typically chlorite zone) Variscan regional metamorphism (e.g. Oen 1970; Gama Pereira 1976; Reavy 1989; Ugidos 1990; Acciaioli et al. 2005) . The contact aureole produced by the Penamacor-Monsanto intrusion, which ranges in width from 1,000 to 2,500 m (Neiva and Campos 1992) , can be mapped and distinguished from the regional complex metamorphic history on the basis of mineral assemblages and textures.
Sampling and analytical procedures
Sampling was restricted to locations close to or within the contact aureole where rocks (both granitic and host-rocks) were better exposed and least affected by weathering (Fig. 1) , and included samples of granitic rocks (P-9 and P-27 from the pluton core, and P-8, P-12, P-12A, P-22A, P-27, P-28, P-30, P-31, P-32, P-35 and P-39 from its margins), of tourmalinites (P-7, P-13B, P-13C, P-17A, P-26, P-40B, P-43, M-1, M-2 and M-3), and of both contact rocks (hornfels: P-10, P-11, P-19, P-19B, P-21, P-22, P-22A, P-23, P-23A, P-24, P-25, P-29, P-33, P-34, P-36A, P-37A, P-37B, P-37AB, P-38A, P-40, P-40B1, P-40B2, P-41A; spotted-schists: P-13, P-16B, P-17, P-18, P-18C, P-19A, P-20, P-21A, P-22, P-33A, P-36B, P-37B, P-40B3, P-41) and regional metasedimentary rocks (P-11, P-14, P-15A).
Whole-rock data for representative tourmaline-bearing rocks were determined at ACTLABS (Activation Laboratories, Ancaster, Ontario, Canada), by Fusion-ICP-MS (major and most trace elements), INAA-Neutron Activation Analysis (rare-earth elements, REE), PGNAA-Prompt Gamma Neutron Activation Analysis (boron), Fusion-ISE Ion Selective Electrode Analysis (fluorine) and titration (ferrous iron). Analytical errors are \0.6 % for SiO 2 and Al 2 O 3 , \0.4 % for FeO, Fe 2 O 3 , MgO, CaO and Na 2 O, \0.05 % for K 2 O, TiO 2 and P 2 O 5 , \20 ppm for Ba, Cr, Ni, Cu, V and Zr, \10 ppm for Sr and Rb, \5 ppm for the REE, and \1-2 ppm for the other trace elements.
Tourmaline compositions were obtained on a JEOL JXA-8500 electron microprobe, at the EMP facility of LNEG (Laboratório Nacional de Energia e Geologia, S. Mamede de Infesta, Portugal). The microprobe was operated at 15 kV, with a mean electron beam diameter of 3-5 lm, and counting times of 20 s at analytical peaks and 10 s at the lower and upper backgrounds. Standards used were as follows: orthoclase (Si, Al, K), albite (Na), apatite (Ca), MgO (Mg), Fe 2 O 3 (Fe), Mn-standard (Mn), TiO 2 (Ti), Cr 2 O 3 (Cr) and vanadinite (V). ZAF corrections were applied. Analytical error was B1 % for the elements analysed. Due to EMP analytical restrictions concerning the light elements (B, O, H) and Fe 2? -Fe 3? distribution, a normalization procedure on a basis of 15 (T ? Z ? Y) cations was used to calculate the structural formula of tourmaline (Henry and Dutrow 1996; Henry et al. 2011 ). This procedure assumes that B = 3 apfu (no B in the tetrahedral site) and that the sampled tourmalines are Li-free, which is implied by their high Mg contents (Mg contents [0.2 apfu are common for Li-free tourmaline; Henry and Dutrow 1996; Henry et al. 2011) and by the absence of Li-mineralization in the region. The B 2 O 3 (wt%) values were calculated on the basis of 3 apfu B and do not deviate much from the average value obtained by 10 consecutive EMP measurements in one tourmaline sample (B 2 O 3 = 10.5 wt%). Structural H 2 O contents were determined in tourmaline grains from some granitic rocks and tourmalinites, prior to hydrogen isotope measurements. Tourmaline normative end-member components were not calculated, but instead we have followed the procedures recommended by Hawthorne and Henry (1999) and Henry et al. (2011) to assign names to the tourmaline endmembers.
Oxygen and hydrogen isotope data were determined at the Servicio General de Análisis de Isótopos Estables (University of Salamanca, Spain). Mineral separates from nine granitic rocks and three tourmalinites were obtained, after crushing and sieving (to \1 mm), using a Frantz isodynamic magnetic separator, followed by handpicking under a binocular microscope. Oxygen isotope ratios were determined by laser fluorination (Clayton and Mayeda 1963) , employing a Synrad 25 W CO 2 laser (Sharp 1990) and ClF 3 as reagent (e.g. Borthwick and Harmon 1982) . Isotope ratios were measured on a VG-Isotech SIRA-II dual-inlet mass spectrometer. D/H ratios were determined on a second SIRA-II mass spectrometer, on H 2 gas obtained by reduction over hot depleted-U of the water released by induction heating of samples, using a vacuum line (Bigeleisen et al. 1952 ), following the procedures described by Godfrey (1962) , with modifications (Jenkin 1988) . Samples were loaded into degassed platinum crucibles that were placed in quartz reaction tubes and heated under vacuum to 125°C overnight to remove any adsorbed H 2 O. The yield of evolved gas was used to determine the amount of structural water contained in the mineral. Both internal and international reference standards (NBS-28, NBS-30) were run to check accuracy and precision. Results are reported in d
18 O and dD notation relative to the V-SMOW (Vienna Standard Mean Ocean Water) standard, using a d 18 O value of 9.6 % for NBS-28 (quartz) and dD = -66.7 % for NBS-30 (biotite) for the mass spectrometer calibration. Long-term reproducibility for repeated determination of reference samples was better than ±0.2 % (1r) for d
18 O and ±2 % (1r) for dD.
Boron isotope ratios were determined on tourmaline in 100-lm-thick sections by laser ablation multi-collector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS) at the University of Southampton, using a New Wave 193 nm ArF Excimer laser with a standard *30 cm 2 cell and 100 % He (mixed with Ar ? N 2 after the cell). The laser was focussed to a 25 lm spot, with a fluence of *5 J/cm 2 and a 4 Hz repetition rate; the beam was rastered along a 100-200 lm line at 10 lm/s. NIST 610 glass was analysed between each sample. Tourmaline data are normalized to the d 11 B value of -1.05 % reported for NIST 610 (Kasemann et al. 2009 ). The average internal precision for each tourmaline analysis is between ±0.1 % and ±0.3 % (2r). Each tourmaline sample was analysed three times: average reproducibility of the three analyses is ±0.4 % (2r). None of the tourmaline grains analysed show isotopic zoning within the levels of uncertainty mentioned with the data. d 11 B values were also determined on 18 tourmaline samples previously analysed by Palmer and Slack (1989) using thermal ionization mass spectrometry (TIMS). Although the TIMS technique involved analysis of the total B extracted from grains of tourmaline separates (sometimes showing evidence of optical and isotopic zoning), whereas the LA-MC-ICPMS technique only analyses a small portion of individual tourmaline grains, the average difference between the d 11 B values derived from the two methods (over a d 11 B range of -24.5 to ?3.2 % determined by TIMS) is only 0.7 % (maximum deviation of 2.3 %); 15 of the 18 analyses differ by \1 %.
Tourmaline settings: petrographic and geochemical features of tourmaline-bearing rocks
The data discussed here refer to tourmalines from: (1) the Penamacor-Monsanto granitic rocks, (2) tourmalinites from the contact zone, and (3) metapelitic country rocks, including rocks from the contact aureole (Fig. 1) .
Detailed petrography of these lithotypes (Ribeiro da Costa et al. 2013 ) is summarized below and complemented with whole-rock chemical data presented in Table 1 .
Tourmalines in granitic rocks
The marginal facies of the Penamacor-Monsanto pluton comprise medium-to-coarse-grained two-mica monzogranite and granodiorite, with subordinate exposures of muscovite-granite and aplite, most of which are tourmaline-bearing. These granitic rocks contain Na-plagioclase (An 8-11 ), perthitized microcline (Or [92] [93] [94] [95] [96] [97] ) and quartz, with either muscovite ? biotite ± tourmaline (±zircon or monazite), or muscovite ? tourmaline (±zircon or monazite) as the main accessory minerals (Ribeiro da Costa et al. 2013) . Modal contents of tourmaline in these rocks range from \0.5 % (P-9, P-28 and P-31) to *3.2 % (P-39, P-12A and P-22B). Tourmaline grains display variable size and shape, as well as variable optical features (colour and colour zoning patterns). Tourmaline in the two-mica granitic rocks is yellowishor orange-brown, highly pleochroic, and occurs as coarsegrained (up to *3 9 0.15 mm) anhedral or fragmented interstitial crystals (Fig. 2a, b) , occasionally forming aggregates with biotite; tourmaline in the more differentiated aphyric and/or muscovite-granites (P-12) and in biotite-free aplites (P-12A, P-22B and P-32A) is bluishgrey to bluish-green and exhibits characteristic prismatic or basal sections (Fig. 2c, d (Table 1) . Two-mica granites, however, typically show higher TiO 2 and REE ? Y contents than the more siliceous, biotite-depleted, muscovite-granites and aplites. The studied granitic rocks are also characterized by variable B contents (24-627 ppm) and low F contents (F B0.13 wt%).
Tourmalinites
Tourmalinites are a common, albeit localized, feature of the contact zone of the Penamacor-Monsanto pluton. According to their textural and crystal-chemical characteristics, they were grouped as (1) ''replacement tourmalinites'' and (2) ''vein/breccia tourmalinites''.
The replacement tourmalinites (22-71 % modal tourmaline) are fine-to very fine-grained rocks consisting of b Fig. 2 Photomicrographs illustrating some petrographic features of tourmalines from the Penamacor-Monsanto region (all photos in plane-polarized light): (a, b) anhedral, orange-brown zoned tourmaline in two-mica granite (P-35 and P-9); (c) bluish-green prismatic tourmaline from muscovite-granite (P-12); (d) bluish-green-yellow zoned basal sections of tourmaline in aplite (P-22B); (e, f) finegrained brown tourmaline in banded replacement tourmalinites (P-26 and M-3); (g) fine-grained greenish tourmaline in banded replacement tourmalinites (P-13B); (h) fine-grained yellowish tourmaline in banded replacement tourmalinites (P-40A); (i) coarse-grained, fractured blue tourmaline from Medelim vein/breccia tourmalinites (M-2); (j) radial aggregate of prismatic blue tourmaline from Medelim vein/breccia tourmalinites (M-1) (k, l) small detrital tourmaline grains disseminated in hornfels from the contact zone (P-37B and P-19B) alternating quartz-rich and tourmaline-(±mica)-rich layers. These rocks have inherited the finely layered metasedimentary texture observed in the quartz-biotite phyllite of the SGC, which often presents alternating quartz-and biotite-rich layers. The tourmaline in these rocks is orangebrown (P-7 and P-17A; Fig. 2e , f), greenish-brown (P-13B and P-26; Fig. 2g ), or yellowish-brown (P-40A; Fig. 2h ).
Colour zoning is less evident in these smaller-sized tourmaline grains (B0.14-0.24 mm) than in the granitic tourmalines.
The replacement tourmalinites show a wide range in SiO 2 , Al 2 O 3 and K 2 O contents, matching those of the regional host-rocks; in contrast to their V, Cr, Co, Ba, Th, U and REE contents, which also seem to be inherited from the local regional metasediments, the B, W, Sn and Pb contents of these tourmalinites (Table 1) are rather higher than those of the metasedimentary country rocks.
The vein/breccia tourmalinites (52-88 % modal tourmaline) show neither layering nor foliation and consist of medium-to-coarse-grained tourmaline (prismatic sections range from 0.62 9 0.09 mm to as much as 3.81 9 0.24 mm), with accessory quartz or, in some instances, fine-grained white mica (±chlorite). The tourmaline crystals are euhedral, often fractured, and fans of radial tourmaline prisms are common (Figs. 2i, j). Tourmaline in these rocks is invariably blue, showing strong pleochroism between almost colourless (e) to sky blue (x), and only slight colour zoning. These brecciated tourmalinites, precipitated in miarolitic cavities or fractures developed within the exocontact of the pluton, were found only in the Medelim area (P-43, M-1 and M-2; Fig. 1 ).
Whole-rock data for the vein/breccia tourmalinites (Table 1) show them to be Fe-and Mn-richer than replacement tourmalinites, but much depleted in TiO 2 and most trace components, with the exception of W and Sn (and possibly Zn), which contents largely exceed those of the typical host metasediments. Boron contents are highest in these tourmalinites.
Tourmaline in metapelite country rocks
Some detrital tourmaline occurs in regional metagreywackes and in the hornfels of the contact zone, rather than in the mica-rich foliated rocks of the SGC. These rare tourmaline grains are small (\100 lm) and anhedral (rounded), with no discrete core, and usually exhibit yellowish-brown colour (Fig. 2k, l) .
The metapelitic country rocks show extremely variable SiO 2 , Al 2 O 3 and K 2 O contents (Table 1) , directly related to their relative modal contents of quartz and phyllosilicates. Most trace element ranges are also relatively wide, following local variations in the mineralogy of these metasediments.
Tourmaline chemistry and classification

Compositional features and classification
Representative EMP compositions and structural formulae of tourmalines from the sampled granitic rocks, tourmalinites and host-rocks are presented in Table 2 , and a complete EMP data set is included in a Supplementary Material file.
Tourmaline is a borosilicate mineral with the general structural formula XY 3 Z 6 T 6 O 18 (BO 3 ) 3 V 3 W, where T = Si, Al, B; X = Na, Ca, K, h; Y = Li, Mg, Fe 2? , Mn, Al, Cr, V, Fe 3? , Ti; Z = Al, Mg, Fe 3? , V, Cr; V = OH, O; and W = OH, F, O (Hawthorne and Henry 1999; Henry et al. 2011) .
General compositional features common to the sampled tourmaline sets and used in their classification (Fig. 3) are briefly described.
X site
The sampled tourmalines are alkali-group tourmalines, with Na dominant in the X site (e.g. Hawthorne and Henry 1999; Henry et al. 2011) , and can be generally classified as schorlitic or dravitic tourmalines (ideal schorl-dravite solid solution: (Na ± Ca, K, h) (Fe, Mg) 3 Al 6 Si 6 O 18 (BO 3 ) 3 (OH 4 ). Most samples contain a significant, though variable, amount of vacancies in this site ( X h = 0.17-0.57), indicating a shift towards the foitite end-member, through the
W site
This site can be occupied by OH, F and/or O, and predominance of one of these species constitutes the second step in tourmaline classification -] -1 substitution has to be taken into account, and most tourmaline compositions shift towards oxy-schorl and oxydravite compositions (Fig. 3) . As Hawthorne and Henry (1999) and Henry et al. (2011) refer, this particular substitution, and thus the presence of O 2-in the W site, is associated with disorder of Mg (and/or Fe) 
Z site
All tourmaline samples are Al-rich, with Al completely filling the Z site, and a small amount is left to enter the T and Y sites. The presence of some Al in the octahedral Y site substituting for divalent cations is usually accommodated by a combination of X site vacancy and/or deprotonation in the W site; hence, the significant foitite and olenite shift in these tourmaline compositions, as reported in granitic tourmaline occurrences elsewhere (e.g. Foit and Rosenberg 1977; London et al. 1996; London 1999; Henry et al. 2011) .
Y site
From an analytical point of view, charge excess in the (T ? Z ? Y ? X) sites precludes the presence of transition metal cations in higher oxidation states (Henry and Dutrow 1996) , in particular the presence of Fe as Fe 3?
; Mössbauer studies (Pesquera et al. 2013 ) have confirmed the absence of Fe 3? in tourmaline from similar monzogranite-suite granites from the CIZ. The first-row transition metals (especially Fe, Ti and Mn, more rarely Cr), which normally occupy edge-sharing Y-octahedra, are responsible for the variety of colours in the studied tourmalines (Ribeiro da Costa et al. 2012a) . substitutions. These tourmalines can be generally classified within the schorldravite-oxyschorl-oxydravite solid solution, although shifts towards the foitite end-member are common (Fig. 3) . Notwithstanding, some distinguishing features can be recognized in the composition of the sampled tourmalines populations (Ribeiro da Costa et al. 2012b) .
Tourmalines from the Penamacor-Monsanto granitic rocks are mostly X vacancy-rich schorl and oxyschorl, with only a few foitite samples (Fig. 3a) . However, some basic differences can be found within the granitic rock set: tourmalines from two-mica granitic rocks are richer in Ti (0.01-0.15 apfu) and have higher and wider-ranging Mg/ (Fe ? Mg) ratios (0.19-0.50) than tourmalines from the more differentiated rocks (muscovite-granites and aplites), which exhibit higher Fe contents (Mg/(Fe ? Mg) \0.19), but are poorer in Ti (B0.08 apfu); other transition metals, such as Mn, Cr and V, are generally low in these tourmalines (Table 2) .
With few exceptions, tourmalines from the metasedimentary regional host-rocks, including those within the granite contact zone, have dravite or oxydravite composition, showing a wide range of X-site vacancies and significant olenite-type replacement (Fig. 3b) .
Tourmalines in tourmalinites also belong to the schorloxyschorl-dravite-oxydravite solid solution and also exhibit a wide range of X-site vacancies and olenite-type replacement (Fig. 3c) . The vein/breccia tourmaline from Medelim is characterized by very low Ti contents (\0.01 apfu) and tends to be richer in Fe (1.35-1.75 apfu) and Mn (0.01-0.04 apfu) than replacement tourmalines (0.02-0.42 Ti apfu, 0.87-1.84 Fe apfu and \0.02 Mn apfu). The composition of replacement tourmalines closely reflects the bulk composition of the rocks in which they form, as observed in other instances (e.g. Henry and Guidotti 1985; Henry and Dutrow 1996) .
Tourmaline zoning
Although magmatic tourmaline grown from melt in largely uniform and closed environments tends to be chemically homogeneous (London 1999) , core-rim EMP profiles obtained on more than fifty tourmaline grains from the Penamacor-Monsanto granitic rocks (included in the Supplementary Material file) and X-ray mapping and BSE imaging on a few grains (Fig. 4a) show variations in Ti, Fe and Mg contents (and slighter variations in Al VI and Na contents). Such variations, in particular those in Ti and Fe contents, are also evidenced in the colour zoning observed in these tourmaline grains: darker-coloured zones present higher Ti and Fe contents, as reported in similar settings (e.g. London and Manning 1995; London 1999) . These oscillatory variations in magmatic tourmaline composition are probably related to local and transient changes either in the availability of the various components or in magmatic conditions during tourmaline crystallization (e.g. Dutrow and Henry 2011). Fine-scale oscillatory zoning is common in hydrothermal tourmaline, suggesting growth in an environment where physical and chemical properties fluctuate (e.g. London 1999; Norton and Dutrow 2001) . Such oscillatory zoning is apparent from core-rim EMP profiles (Supplementary Material file), from the X-ray mapping (Fig. 4c) and from the optical zoning pattern of most replacement tourmalines crystallizing due to infiltration of B-rich fluids into the wallrock adjacent to the Penamacor-Monsanto granite: most grains display Mg-rich cores and slightly Feand Ti-enriched rims. In contrast, Ti-depleted vein/breccia tourmalines are mostly unzoned, or only faintly zoned (Fig. 4b) . No data are available to test whether chemical zoning in tourmaline is matched by stable isotope zoning.
Compositional polarity, and consequent asymmetric chemical zoning, is observed in the small tourmalines from the regional metasedimentary rocks, and is a common feature of tourmalines formed under diagenetic conditions or low-tomedium-grade metamorphism (Henry and Dutrow 1996) .
Stable isotope results
Oxygen and hydrogen isotope data
Oxygen and hydrogen isotope data for tourmaline separates from the granites and tourmalinites, as well as oxygen isotope values for coexisting quartz, are shown in Table 3 .
Because tourmaline is very resistant to alteration, its isotopic and chemical signatures generally reflect the composition and temperature of the fluids from which it formed (e.g. Marschall and Jiang 2011) . Thus, the d
18 O values of tourmaline can provide information concerning its petrogenesis (e.g. Taylor and Slack 1984; Taylor et al. 1992 The vein/breccia tourmaline is characterized by a less negative dD value (-29.5 %; Table 3 ) than tourmalines in replacement tourmalinites (-58.5 and -36.5 %; Table 3 ). In contrast, tourmalines from the granitic rocks exhibit much lower dD values (-78.2 ± 4.7 %; Table 3 ). (Table 3) overlap slightly (-10.7 to -9.0 % in the granitic tourmalines, -9.3 % in the vein/breccia tourmaline, and -10.2 to -8.8 % in the replacement tourmalines), whereas more positive values characterize tourmaline in the host metasediments from the contact zone (-5.7 and -2.9 %).
Discussion
Tourmaline is an important petrogenetic tracer of many geological processes and provides information on the granitic melt(s) for the Penamacor-Monsanto pluton, and on the late, magma-derived and B-enriched aqueous fluids responsible for extensive tourmalinization in the exocontact of this intrusion.
Tourmaline as a petrogenetic indicator: (a) evidence for S-type granites
Accessory tourmalines in the two main granitic facies present in the Penamacor-Monsanto pluton (Table 2) are similar, in composition and general features, to magmatic tourmaline in many other monzogranite suite intrusions in the CIZ (Neiva 1974; Neiva et al. 2007; Pesquera et al. 2005 Pesquera et al. , 2013 , and elsewhere within the Variscan orogen (e.g. London and Manning 1995; London et al. 1996; Buriánek and Novák 2007; Marks et al. 2013) , and even in some Alpine granites (e.g. Jiang et al. 2008) .
The compositional and textural differences between the two tourmaline types found in the Penamacor-Monsanto granitic rocks suggest that these magmatic tourmalines may have developed at different stages in each granitic facies and track the magmatic evolution of the pluton. In the two-mica granitic rocks, tourmaline appears to have developed late in the crystallization sequence, possibly due to reaction of B-enriched melt with earlier-formed biotite, whereas Fe-richer, Ti-depleted, euhedral tourmaline in the muscovite-granite and aplite probably formed earlier in the crystallization sequence of these more differentiated, and possibly B-richer melts.
Several lines of evidence indicate that the PenamacorMonsanto batholith is an S-type granite derived from anatexis of Al-rich metasedimentary rocks: (a) the presence of biotite-and tourmaline-bearing mineral assemblages, with rare andalusite or cordierite, and minor zircon and monazite (cf. White and Chappell 1988) ; (b) typical peraluminous compositions (ASI C1.1, (Sheppard 1986; Pesquera et al. 2013 ). The ASI index strongly controls tourmaline stability, as the mineral becomes unstable in melts with ASI \1.2, at 700-750°C, regardless of their B content (Wolf and London 1997) . Thus, high ASI values and low F contents, such as characterize the granitic rocks of the PenamacorMonsanto pluton (Table 1) , favour tourmaline stability, even at relatively low B contents in the melt, irrespective of the Mg/(Fe ? Mg) ratio.
The extent of melting and fractionation and the B content of the protolith strongly control the amount of B in the melt, and consequently the occurrence of tourmaline in peraluminous granitic rocks (e.g. London 2011; Pesquera et al. 2013 ).
Partial melting and fractionation
The available data strongly suggest that the monzogranite suite of the CIZ was produced by fractional crystallization (Pesquera et al. 2013 ) and that a relatively high degree of partial melting of gneiss or schist protoliths would be needed to produce a peraluminous granitic melt likely to yield a granitic rock sequence such as occurs in the Penamacor-Monsanto pluton (Bea 1991; Pereira and Bea 1994) . Such melts are typically rich in B (given the high melt/mineral partitioning of B) and, although biotite usually occurs in the crystallization assemblage, they may produce the tourmaline-bearing two-mica granites that are abundant in Penamacor-Monsanto intrusion, and, upon fractionation of biotite, they may also yield the differentiated tourmaline-bearing muscovite-granites found in this pluton.
Primary peraluminous melts produced by partial melting of common B-poor rocks are undersaturated in B under super-solidus conditions, but small variations in the partial melting path may cause B-enrichment in the melt, which can thus yield tourmaline-muscovite-rich facies coexisting with the more abundant tourmaline-biotite-muscovite granitic rocks, such as occur in the monzogranite suite of the CIZ (Pesquera et al. 2013) . In spite of their strict control by the H 2 O and O 2 activities in the melt (e.g. Guillot and Le Fort 1995) , biotite and tourmaline coexist in most rocks of this suite (Pesquera et al. 2013) .
Boron content in the melt
No variable is as critical for tourmaline saturation as the B content in the protolith and, consequently, the net B content of the resulting melt. The potential protoliths (schists and gneisses) of the CIZ granites have variable B contents (*150-550 ppm), but even small variations in the partial melting path may cause significant B-enrichment in the resulting melts, thus favouring crystallization of tourmaline-bearing rocks (e.g. Pesquera et al. 2013) .
The whole-rock B contents of the Penamacor-Monsanto granitic rocks (Table 1) are relatively low and do not represent the initial contents in the granitic melt which produced these rocks. It is likely (cf. London and Manning 1995; Dutrow et al. 1999 ) that much of the B that was not consumed in the crystallization of granite tourmaline remained in the late-magmatic fluid and vapour-phases, and was eventually taken up in the crystallization of veinor fracture-filling hydrothermal tourmaline (as is the case of the vein/breccia tourmaline in Medelim), or infiltrated the surrounding rocks.
The B contents in the tourmaline-bearing granitic rocks of Penamacor-Monsanto (Table 1 ) put them in the ''fertile granite'' class (cf. London et al. 1996) , suggesting that the B contents of the granitic melt were high enough for early saturation with tourmaline to be attained (London 1999) . In contrast, whole-rock B contents lower than those considered necessary for tourmaline stabilization in a granitic melt are usually indicative of B mobility in exsolving fluids. This is evidenced in the CIZ by the widespread occurrence of tourmaline in the metamorphic aureoles associated with the plutons of the monzogranite suite (Pesquera et al. 2013; Ribeiro da Costa et al. 2013) . Boron loss to the outside of magmatic intrusions is common and can be considerable, as documented by Pesquera et al. (2005) 3 ] were obtained for muscovite-granitic melts (P-12) and tourmaline-bearing aplitic melts (P-12A), respectively, which are compatible with the expected B-enrichment in late-magmatic stages. The low B content calculated for the melt at the origin of aplite P-32A [*0.4 wt% B 2 O 3 , i.e. 0.3 wt% B(OH) 3 ] appears insufficient for tourmaline saturation in the melt, and, indeed, no tourmaline was found in this rock.
The B contents thus estimated for the original melts of the sampled granitic rocks are compatible with experimental results, which predict minimum contents of *0.15-6 wt% B 2 O 3 for tourmaline saturation in peraluminous melts (Benard et al. 1985; Scaillet et al. 1995; Wolf and London 1997; Spicer et al. 2004; London 2011) . Nevertheless, the specific B threshold to stabilize tourmaline also depends strongly on the peraluminosity and temperature of the granitic melt: higher B contents are required to stabilize tourmaline in a melt with lower ASI values and/or higher temperatures (Weisbrod et al. 1986; Wolf and London 1997; Acosta-Vigil et al. 2003) . London (2011) reported significant variations in the B contents necessary to saturate a granitic melt in tourmaline, from *4-6 wt% B 2 O 3 , at 800°C, to *0.1 wt% B 2 O 3 at 500°C, although Pesquera et al. (2013) argue that tourmaline may become stable in granitic melts with minimum B contents of *0.3-2 wt% B 2 O 3 , for melt temperatures of 600-750°C. Moreover, increasing H 2 O and F activities in the melt tend to lower tourmaline stability, so that greater amounts of B are needed to maintain tourmaline saturation (e.g. Wolf and London 1997; Acosta-Vigil et al. 2003) . Considering these multiple effects, temperature [ [500°C and/or high H 2 O content in a late melt are invoked to explain why B contents of the order of 0.4 wt% B 2 O 3 were insufficient to produce tourmaline in aplite P-32A. Other factors (such as the Ti content of the melt; Nabelek et al. 1992) contribute to control the stability of magmatic tourmaline relative to other minerals (e.g. biotite).
Temperature
The temperature estimates of 670-800°C obtained for the Penamacor-Monsanto intrusion (Fig. 5b) Blamart (1991) and Zheng (1993) for water in equilibrium with tourmaline yield slightly lower equilibrium temperatures of 550-650°C, which are consistent for the crystallization of a peraluminous magma and evolution of latemagmatic fluids.
Tourmaline as a petrogenetic indicator: (b) evidence for low-to-medium-grade regional metasedimentary rocks Tourmaline that survives anatexis will dissolve until the melt contains B in excess of the required minimum for tourmaline saturation at the appropriate peraluminosity and H 2 O-saturation conditions (e.g. London 2011). Hence, in rocks such as metapelites and aluminous gneisses, which produce a large fraction of melt near their anatectic minima, the high solubility of tourmaline in H 2 O-saturated melt should completely consume the tourmaline present in the protolith at the onset of anatexis.
The rare, rounded grains of tourmaline in the contact hornfels and in the surrounding host-rocks appear to be detrital in origin, as is common in pelitic and psammitic sedimentary and metasedimentary rocks (Henry and Dutrow 1996) . In addition to its importance as a sediment provenance tracer (Henry and Guidotti 1985) , the composition of detrital tourmaline may also be an indicator of metamorphic grade (Henry and Dutrow 1996) .
The schorl-dravite and dravite tourmalines from the Penamacor-Monsanto regional metasedimentary rocks (Table 2 ) have low F contents (\0.2 apfu), little or no tetrahedral Al (\0.13 apfu), variable X site deficiency (0.07-0.42 vacancies pfu) and intermediate olenite compositions that are typical of tourmalines in medium-grade metapelites and metaquartzites (Henry and Dutrow 1996) .
Comparison of the Mg/(Fe ? Mg) ratios and F contents in the tourmalines (0.35-0.78; \0.17 %) and biotites (0.24-0.31; \0.03 %) of the regional rocks show that tourmaline partitions Mg (relative to Fe) and F more strongly than coexisting biotite, as expected in mediumgrade metapelitic rocks (e.g. Henry and Guidotti 1985) that have undergone some degree of chemical equilibration. The optical/chemical zoning and zoning asymmetry observed in the tourmalines from the regional metasedimentary rocks are also typical of tourmaline from low-tomedium-grade metapelitic rocks, as metamorphic tourmaline compositions tend to homogenize and compositional polarity disappears at metamorphic conditions near the staurolite zone (Henry and Dutrow 1996) .
Tourmalinization
Massive tourmalinization within the contact zone of the Penamacor-Monsanto pluton is a localized feature, occurring in the exocontact rocks where granite-derived fluids containing B have infiltrated and interacted with comparatively Fe-and Mg-rich country rocks (cf. Dutrow et al. 1999) . Extensive tourmalinization of country rocks surrounding granitic intrusions has been reported in other CIZ plutons (e.g. Ramírez and Grundvig 2000; Pesquera et al. 2005; Neiva et al. 2007 ) and in other metasedimentary settings affected by late-magmatic B-enriched fluids (e.g. Slack et al. 1993; London and Manning 1995; Steven and Moore 1995; Garba 1996; London 1999; Lira 2001; Hezel et al. 2011) , sometimes associated with Au-Sn-W or ZnPb-Ag mineralizations (Slack et al. 1993; Steven and Moore 1995; Slack 1996; Neiva et al. 2007 ). As described above, tourmalinization associated with the PenamacorMonsanto granite occurred in two stages: (1) massive and variably extensive replacement of surrounding Fe-Mgbearing metapelitic country rocks, through infiltration of magma-derived B-bearing hydrothermal fluids, and (2) tourmaline deposition in open fractures or cavities, from those late B-rich fluids and wall rock-derived Fe-Mg-Al, to form tourmaline-rich veins or breccias.
The textural similarity of replacement tourmalinites to the finely layered quartz-biotite phyllite of the host SGC, and the presence of residual biotite in a few tourmalinites, indicates that these rocks result from tourmalinization of the biotite (or chlorite)-rich layers in the regional phyllite close to the granite contact. The essentially dravite-oxydravite composition of tourmalines in the replacement tourmalinites at the exocontact of the Penamacor-Monsanto pluton (Table 2 ; Fig. 3c ) is typical of metasomatic tourmalines formed by this ''mixing'' process and reported for ''stratiform tourmalinites'' from similar settings (e.g. Cavarretta and Puxeddu 1990; Steven and Moore 1995; London 1999 ) and is largely controlled by the chemistry of the host-rock (e.g. Taylor and Slack 1984; Cavarretta and Puxeddu 1990; Steven and Moore 1995) . This mode of replacement is supported by the similarity of most trace element contents in replacement tourmalinites and regional host-rocks (Table 1) , and in particular by the close match between the REE patterns of the replacement tourmalinites and those of regional rocks with similar Al-Si contents and/or similar quartz-mica layered texture (Table 1 ; Fig. 6 ). The relative depletion in REE concentrations in some tourmalinites (e.g. P-7) may reflect loss of REE during the replacement process, where the influx of B-bearing fluids was prolonged enough to cause a marked pH decrease, leading to REE-leaching (e.g. Morgan and London 1989) . Thus, the evidence suggests that tourmaline in the layered tourmalinites formed at the expense of biotite in the regional phyllite metasedimentary rocks, a process which may be favoured under oxidizing conditions (Scaillet et al. 1995) .
Mass-balance estimates (Gresens 1967) carried out on a rare replacement tourmalinite (sample P-13B) containing some chloritized biotite relics, in order to infer the chemical gains and losses during the replacement process, indicate that tourmalinization of biotite (or chloritized biotite) is essentially isovolumetric (a volume factor of 0.985 was obtained, assuming all B in the tourmaline was provided by the fluid reacting with the host-rock; Fig. 7) and, besides the net gain in B, implies leaching of K and Fe (±Mg) from the biotite and addition of some components provided either by mineral phases in the country rock itself (Al and Na, ±Si, Ti) or by the infiltrating fluid (mainly H 2 O and F).
Notwithstanding the fact the chemistry of the replacement tourmalinites is largely controlled by the country rock, their higher W, Sn and Pb contents (Table 1) Hydrofracturing is common in epizonal contact aureoles, where rocks are brittle, and episodic release of volatiles occurs when fluid pressure rises above lithostatic pressure (e.g. London and Manning 1995) . It is likely that the Medelim vein/breccia tourmalinite formed under such conditions, a hypothesis supported by the presence of a fault system crossing the pluton contact near this locality. Vein/breccia tourmalines from the contact zone in the Medelim area have higher Fe/(Fe ? Mg) ratios and marked Ti-and REE-depletion compared to replacement tourmalines (Table 1; Fig. 6 ). The composition and crystal morphology of vein/breccia tourmalines reflect open-space deposition from largely magma-derived fluid (e.g. London 1999), and hence a lesser chemical contribution from the surrounding host-rocks (cf. London and Manning 1995) . Moreover, the fact that these tourmalines rarely display the chemical zoning typical of open system crystallization (London and Manning 1995; London 1999) suggests that conditions changed little during their crystallization. The Medelim vein/breccia tourmaline is chemically, isotopically and optically similar to the tourmaline of the Roche tourmaline-quartz rock, in Cornwall (London and Manning 1995; Smith and Yardley 1996) , and field observations imply the Medelim rocks may also have formed close to the roof zone of the granite body, as Smith and Yardley (1996) suggest for the Roche occurrence. It is worth noting again the fact that the Medelim vein/breccia tourmalinites display W and Sn (and possibly Zn) contents that largely exceed those of the typical host metasediments (Table 1) , and are likely to be of magmatic origin. Fig. 6 Chondrite-normalized REE patterns of replacement tourmalinites (samples P-7, P-26 and P-40A) and vein/breccia blue tourmalinite (sample P-43), compared with the REE patterns of regional rocks with similar SiO 2 and Al 2 O 3 contents (samples P-14, P-18A, P-20, and P.36B) or with similar quartz-mica-layered texture (samples P-13, P-21A, P-37B, P-37B1, and P-40B3) Table 3 ; 11.6-13.0 % in the granitic rocks, Table 1 ).
Very different dD values are also obtained for vein/ breccia tourmalines (-29.5 %) and replacement tourmalines (-36.5 to -58.5 %); the more negative and widerranging dD values in the latter probably reflect local dD variations in the metapelitic country rocks and their degree of alteration, strongly contrasting with the lower and less variable dD values for tourmalines in the studied granitic rocks (-78.2 ± 4.7 %; Table 3 ).
Tourmaline-related fluids: boron origin and behaviour
The stable isotope compositions (d 18 O F and dD F ) of fluids associated with the Penamacor-Monsanto system are not easy to ascertain, as strict equilibrium conditions cannot be assumed. This, together with the limited variability of dD and d
18 O measured in the granite minerals (Table 3) , may suggest overprinting by a late fluid. Hence, the differences in dD and d
18 O among the different minerals may reflect differences in their closure temperatures.
Assuming the range of 700-500°C for the crystallization of a peraluminous magma and the evolution of latemagmatic fluids calculated above, the average measured d
18 O and dD values and the fractionation factors of Blamart (1991 ), Zheng (1993 , and Jibao and Yaqian (1997) These calculations also suggest that fluid in equilibrium with tourmaline would have had d
18 O values slightly higher than typical magmatic waters (d 18 O = ?5.5 to ?10 %; e.g. Taylor 1974 ) and lie towards the metamorphic and metasediment waters fields (Fig. 8) . Again, this is consistent with the origin of these rocks by anatexis within a heterogeneous crustal source containing a large sedimentary component. The dD F values also tend to be slightly more negative than is typical of magmatic waters and again stray towards the metasediment-related field.
Isotopic composition of average fluids equilibrating with the tourmalines from the tourmalinites, calculated with the same fractionation factors at temperatures in the 500-350°C range, is also plotted in Fig. 8 . Fluids equilibrating with tourmaline in both replacement tourmalinites and vein/breccia tourmalinites show some 18 O-depletion (13.1-11.4 %, and 12.3-10.6 %, respectively) relative to the corresponding tourmalines (Table 3) , but are D-enriched (-13.2 to ?11.4 % and 8.9-34 .0 %, respectively) as was the case of the fluids equilibrating with granitic tourmalines. Considering the likelihood that vein/breccia tourmalines have formed at temperatures not very far from magmatic temperatures and that replacement tourmalines genesis involved a longer process and interaction with the cold host-rock, these ranges might probably be restricted to d
18 O = 12.3-11.4 % and dD = 8.9-23.7 %, for the fluid equilibrating with the Medelim vein tourmaline, and d
18 O = 12.2-11.4 % and dD = 1.3-11.4 %, for an average fluid equilibrating with replacement tourmaline.
The general overlap of the d 11 B values of tourmalines from the Penamacor-Monsanto granitic rocks and tourmalinites (Table 3) indicates a common granite-derived boron source. These values are similar to those reported for tourmalines from granitic rocks and tourmalinites from the Martinamor Antiform, CIZ, Spain (Pesquera et al. 2005) , and the d 11 B value for the Medelim vein/breccia tourmaline is relatively close to those obtained for the Cligga Head and Roche Rock tourmalinites, in Cornwall (Smith and Yardley 1996) .
On the other hand, the detrital tourmaline from the hornfels has d
11 B values (-5.7 and -2.9 %) that are distinct from the granitic tourmaline samples (-10.7 to -9.0 %). Because tourmaline is generally the major B-bearing mineral in metasedimentary rocks (Henry and Dutrow 1996) , this distinction suggests that the granites were not formed from anatexis of the local metasedimentary rocks. Rather, this observation is compatible with suggestions that the late-Hercynian biotite-granodiorite and monzogranite batholiths of the CIZ are derived from the lower crust and have risen through the crust to their present position (e.g. Ugidos 1990 ). While we cannot identify the source rocks of the granite, the presence of tourmaline in the muscovite-granite and aplite facies of the Penamacor-Monsanto pluton implies that they formed from melts with minimum B contents of *1 wt% B 2 O 3 . Hence, the source rocks of the granite must have contained relatively high B concentrations, either in tourmaline, clays or white mica, that underwent anatexis to form B-rich, strongly peraluminous melts (London et al. 1996; London 1999) .
Further B-enrichment is likely to have occurred during fractional crystallization of the granite as evidenced by the high Rb/Ba ratios (17-40) of the tourmaline-bearing muscovite-granite and aplite, compared to values of 1.5-4.5 in the earlier two-mica granitic rocks from the Penamacor-Monsanto pluton (Table 1) , consistent with observations from other peraluminous granite systems (London 1999) . Crystallization of the granite magma over a temperature range of 750-550°C would induce the d 11 B of the tourmaline to be 0.8-1.6 % lighter than that of the magma over this temperature range (Meyer et al. 2008 (-10.7 to -9.0 %; Fig. 9a ). Crystallization at 550°C can only generate the observed range if all the magmatic B is consumed in forming granitic tourmaline in some areas of the pluton. Such behaviour is unlikely in a peraluminous granite (London 1999) and is not compatible with excess B available for tourmalinization of the country rocks surrounding the Penamacor-Monsanto pluton.
Under closed system conditions, the observed range in measured granitic tourmaline d
11 B values could be generated over the calculated temperature range (700-550°C), but a higher fraction of the original magmatic B would have to be consumed in forming tourmaline at 700°C (up to 90 %) than at 550°C (up to 65 %; Fig. 9b) . If the bulk of granite tourmaline crystallization took place close to 700°C, then a slightly more negative initial d 11 B of the magma (-9.9 %) is required to generate the range in measured tourmaline d
11 B values than if tourmaline crystallization took place closer to 550°C (-9.1 %), but both values are similar to those measured in other S-type granites (e.g. Jiang and Palmer 1998; Trumbull et al. 2008) and are typical of clastic metasedimentary rocks (Ishikawa and Nakamura 1993) from which S-type granites are generally derived.
Clearly, these calculations do not provide a unique and unequivocal description of the system. For example, it is unlikely that the measured range in granitic tourmaline compositions spans the full range of d
11 B values present within the Penamacor-Monsanto pluton, and there may well be spatial heterogeneities in both the initial d
11 B values of the magma and the extent of tourmaline formation in different areas of the pluton. Nevertheless, the evidence suggests that tourmaline crystallization in the granite took place under closed conditions in which the tourmaline did not maintain isotopic equilibrium with Fig. 8 Oxygen and hydrogen isotope composition calculated for fluids at equilibrium with the tourmalines in the granitic rocks, vein/breccia tourmalinites and replacement tourmalinites from the Penamacor-Monsanto system, using the oxygen and hydrogen isotope fractionation factors for tourmaline-water derived by Zheng (1993) and Jibao and Yaqian (1997) , respectively. Tourmalines from granitic rocks and from both types of tourmalinites are also plotted for comparison. PGW-''peraluminous granite waters'' field (as defined by Sheppard 1986) the evolving magma, and the data are compatible with a significant fraction of magmatic B remaining in the latemagmatic fluids after tourmaline crystallization was complete.
Tourmaline crystallization stops once the Fe-Mg content in the melt is exhausted, progressively enriching the remaining magma in B (Wolf and London 1997; London 1999) . If, as is common in peraluminous granites, there was segregation of an immiscible aqueous phase from the semimolten granite, B will have been partitioned between the two phases, with subsequent over-pressurization and hydro-fracturing resulting in tourmalinization of the hostrocks by release of the aqueous phase at the exocontact (e.g. London and Manning 1995; London 1999) . The most important factor controlling the extent of B elemental and isotopic partitioning between the silicate melt and aqueous phase is the coordination of boron in the two phases (Kowalski et al. 2013) . Assuming that probably B coordination was predominantly trigonal in both phases in the Penamacor-Monsanto pluton, as both precipitated tourmaline (cf. Morgan and London 1989) , the extent of boron isotope fractionation between the silicate melt and the aqueous phase would largely be controlled by differences in the B-O bond length between the two phases, and is predicted to be \1 % at temperatures \350°C (Kowalski et al. 2013 ). Higher fractionation factors (up to 7 % at 750°C) between melt and aqueous fluid, obtained by Hervig et al. (2002) , suggest that the melt fractionation was dominated by B with tetrahedral coordination, and are thus unlikely to apply to this study.
Magma-derived B-bearing hydrothermal fluids involved in the replacement process initially have low pH values (Morgan and London 1989; London 1999) , which leads to precipitation of tourmaline in the exocontact at the expense of the Fe-Mg-Al components of biotite or chlorite in the surrounding rocks.
The observation that tourmaline-rich rocks in the exocontact are spatially restricted implies that the B-rich fluids were not abundant in the system and that their circulation was probably confined to the pluton margins. In addition, because the granitic facies present in the PenamacorMonsanto intrusion do not correspond to highly differentiated melts, where B-enrichment is considerable (Manning and Hill 1990) , this may also account for the restricted geological expression of the tourmalinization processes associated with this batholith.
While there is little consensus regarding the magnitude of B loss from peraluminous plutons to the surrounding wall rocks (London et al. 1996) , it has been estimated that *50 % of the original B was lost from the magma of the Tanco pegmatite (Morgan and London 1987) and from the Martinamor leucogranite (Pesquera et al. 2005) . The fraction of magmatic B remaining after exhaustion of tourmaline crystallization in the Penamacor-Monsanto granite is unknown, but the model illustrated in Fig. 9b suggests that this fraction could lie in the range of *10-35 % and that the d 11 B of the B remaining in the magmatic fluid may lie in the range -8.2 to -7.4 %. Given the caveats discussed above, these are reasonable estimates. The d 11 B value of tourmaline forming in the country rocks from the magmatic fluids depends on the temperature and the proportion of B in the fluids consumed during tourmalinization. Temperature estimates based on the d
18 O fractionation factors of Blamart (1991) and Zheng (1993) suggest that vein/breccia tourmaline precipitated at *500-450°C, whereas replacement tourmalinites probably formed at lower temperatures. If the fluids passing through the country rocks precipitated tourmaline along their flow path, the d 11 B values of the tourmaline and fluid are likely to have followed a Rayleigh fractionation path in which isotopic equilibrium was not maintained between the fluid and the tourmaline. Figure 9c illustrates the range in country rock tourmaline d
11 B values produced for temperatures of 550-350°C and initial fluid d
11
B values of -8.2 to -7.4 %. Nevertheless, even if tourmaline was present in this setting with a d 11 B value as positive as -6 %, this would suggest that *20-30 % of the B expelled from the granite was not precipitated as tourmaline in the surrounding rocks, but was presumably disseminated in the country rocks. A similar pattern was observed in the Tanco pegmatite, where only 60 % of the B lost from the pegmatite was conserved in the wall rocks (Morgan and London 1989) .
Conclusions
Primary tourmalines in the Penamacor-Monsanto granites belong to the schorl-dravite-oxyschorl-oxydravite solid solution series and occur either as anhedral varieties with higher Mg and Ti contents in the predominant two-mica granite, or as euhedral-to-subhedral Fe-rich schorl in the more differentiated muscovite-granite and aplite. These primary tourmalines have typical stable isotope signatures (d 18 O = 12.0-12.3 %; d 11 B = -10.7 to -9.0 %) of tourmaline from S-type granitic rocks, and the average fluids which equilibrated with them have stable isotope signature typical of ''peraluminous granite waters''.
Tourmaline-rich rocks outcrop at various locations within the exocontact of the Penamacor-Monsanto granite and provide evidence of localized intensive B-metasomatism, as a result of massive loss of volatiles from the magmatic system to surrounding country rocks. This has led to tourmalinization of the surrounding rocks, either by replacement of Fe-Mg minerals (biotite or chlorite) in the metapelitic country rocks, or by direct tourmaline deposition in fractures and/or cavities. The replacement tourmalinites result from infiltration of B-rich and D-enriched late-magmatic fluids through the surrounding metasedimentary rocks over a broad reaction front. In contrast, the vein/breccia tourmaline rocks (such as those outcropping in the Medelim area) probably formed by flow of those B-rich fluids through faults or fractures around the margins of the pluton. Hence, these tourmaline occurrences may be indicative of control of the circulation of the late-magmatic hydrothermal fluids by the pre-mineralization fracture pattern surrounding the pluton.
Boron isotope systematics of the various tourmaline occurrences are consistent with *10-40 % of the original magmatic B remaining in the late-magmatic fluids after crystallization of the granitic tourmalines was complete. This also suggests that *70-80 % of the B expelled from the granite in the late-magmatic fluids was precipitated in the exocontact zone, with the remainder of the B disseminated beyond the tourmalinization zone.
Tourmalinization is spatially restricted to the exocontact of the Penamacor-Monsanto intrusion. This suggests that the B-rich magma-derived hydrothermal fluids associated with this intrusion were not particularly abundant (reflecting the fact that this intrusion does not include highly differentiated facies produced from B-richer melts), and that their circulation in the exocontact zone is strongly controlled by the presence of major faults and fractures.
Although Sn-W or sulphide mineralizations have often been reported in association with tourmaline-bearing peraluminous granitic intrusions (e.g. Palmer and Slack 1989; Bea et al. 1992; Slack et al. 1993; Slack 1996; Neiva et al. 2007 Neiva et al. , 2009 , no such mineralization has so far been found associated with the Penamacor-Monsanto pluton, in spite of the relatively high Sn and W (±Zn, ±Pb) contents shown by both vein/breccia tourmalinites and replacement tourmalinites, and indicative of massive interaction with metal-enriched late-magmatic fluids. The present study will hopefully help constrain the conditions under which such mineralizations may form.
